The excitation-energy, polarization, and temperature dependeces of Raman scattering spectra have been measured for the RB 6 crystals (RϭCa 2ϩ , La 3ϩ , Ce 3ϩ , Pr 3ϩ , Sm 2.6ϩ , Gd 3ϩ , Dy 3ϩ , and Yb 2ϩ ). In the divalent crystals of CaB 6 and YbB 6 , the E g phonon shows doublet, while the line shape is a broad single peak for the trivalent case. In the trivalent crystals, two kinds of the extra peaks have been clearly observed at around 200 cm Ϫ1 and at around 1400 cm Ϫ1 in addition to the Raman-active phonons and crystal electric-field ͑CEF͒ excitations. The peak intensities at around 200 cm Ϫ1 show the anomalous decrease with decreasing temperature, and this temperature dependence correlates with that of the mean-square displacement of the R ion. Furthermore, their energies decrease with the increase of the cage space due to B 6 . These peaks are originated from the second-order excitation of acoustic phonons. The broad peak at around 1400 cm Ϫ1 is assigned as the second-order excitation of the T 2g phonon. For the T 2g phonon, the energy difference and its line-shape change between the trivalent and divalent crystals suggests the existence of electron-phonon interaction. We have observed the CEF excitation in PrB 6 and have obtained the Lea, Leask, and Wolf parameters with xϭ0.94 and Wϭ9.2 K.
I. INTRODUCTION
Rare-earth hexaborides, RB 6 , crystallize in a CsCl-type structure with Pm3m symmetry, where a rare-earth ion occupies a Cs site and octahedral B 6 molecule locates on the Cl site. 1 These boron ochtahedra are linked together by very strong covalent bonds, which is the origin of the hardness of the crystals. The isostructural compounds of RB 6 exhibit interesting physical properties, such as superconductivity in YB 6 , 2 dense Kondo behavior in CeB 6 , 3 and an intermediatevalence state in SmB 6 . 4 It is well known that trivalent rareearth hexaborides are monovalent metals. Actually, LaB 6 is one of the most typical monovalent metals. 5 On the other hand, nonmagnetic divalent rare-earth hexaborides such as YbB 6 are known as typical narrow gap semiconductors. 6 The electronic conduction is well explained by the results of the band calculation. 7 A semiconductor SmB 6 is a special compound, where the Sm ion has both 4 f 6 and 4 f 5 configurations (4 f 6 :4 f 5 Ӎ3:7).
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The investigation of the crystal electric-field ͑CEF͒ splitting of rare-earth ions is important. The energy splitting of the CEF for rare-earth hexaborides has been directly observed by inelastic neutron and Raman scatterings. The observed CEF energy splitting of CeB 6 is 530 K from the ⌫ 8 ground state to the ⌫ 7 excited state. 11 Based on the CEF knowledge, the recent investigation reveals a multipleordered phase in the H-T phase diagram.
In addition to CEF, the importance of lattice dynamics has been pointed out by Kunii et al. , who explained the anomaly of specific heat around 40 K of CeB 6 by the contribution of the flat branches of acoustic phonons. 12 The electric resistivity of LaB 6 is well explained by the electron scattering due to both optical and acoustic phonons. 13 Mandrus et al. pointed out that the local vibrational mode of the rare-earth ion contributes to not only specific heat but also resistivity.
14 Their proposed concept of ''oversized cage of borons'' is a key phrase in this paper. Observed and calculated phonon dispersion curves have been reported in Refs. 12, 15 and 16. Takegahara and Kasuya employed the volume-dependent and long-range force acting on rare-earth ions, in order to reproduce the phonon dispersion curves for LaB 6 and YbB 6 .
To investigate both CEF excitations and lattice vibrations, Raman scattering is a useful tool. The Raman scattering spectra of CEF excitations for CeB 6 ͑Ref. 11͒ and NdB 6 ͑Ref. 17͒ have been reported by Zirngiebl and Pofahl. The Raman-active phonons in RB 6 are the vibrations of borons, which are the breathing and deforming modes of the octahedral B 6 . The phonon Raman spectra were investigated by several groups. 18 -25 They found the decrease of phonon energy with increasing lattice parameter by substitution of R ions, and also the valence dependence of the B 6 vibration.
Except for the CEF excitations and phonons, Zirngiebl et al. observed an anomalous ''one'' peak at around 200 cm Ϫ1 , of which energy decreases with the decrease of lattice parameter, 25 and they assigned this peak as the ''optical'' T 1u mode at the ⌫ point from the comparison with the observed phonon-dispersion curves for only LaB 6 . For the spectra in SmB 6 , Mörke et al. assigned this peak as the defect-induced mode. 26 However, Lemmens et al. 23 and Nyhus et al. 27 assigned the peak as two-phonon scattering of the LA phonon at the Brillouin-zone boundary. Thus the origin of this anomalous low-energy peak is still controversial.
Our recent works of Raman scattering of RB 6 have suggested that the number of anomalous peaks at the low-energy region is not a single peak, but three. Furthermore, a new broad peak is observed at the higher energy region of the phonons. 28 For the phonons, we have also found that the line shape of the E g phonon depends on the valence of the R ion. 29 Therefore recent development of the research leads us to re-study the lattice dynamics, the electronic state, and the relationship between them for RB 6 . In this study, we have employed a different valent compound of RB 6 , and the polarization, temperature, and excitation-energy dependence have been measured for each sample. In this paper, among several excitations observed in the Raman spectra, we mainly report the results of the peaks at about 200 cm Ϫ1 , which is the controversial mode described above. In this report, we name the peaks as extra modes.
The paper is organized as follows. Section II describes the detailed experimental procedure. We present the experimental results in Sec. III and discuss the origin of the observed mode and the electron-phonon interaction in Sec. IV.
II. EXPERIMENTAL
The samples of the present study were prepared by the following methods. Polycrystalline samples of CaB 6 were grown by a solid-state reaction of CaO and B powder. The powder mixtures were pressed into pellets and sintered at 1650°C for 2.5 h in the reduction atmosphere. The sample characterization was done by a powder x-ray diffraction, and the obtained patterns have confirmed the single phase with the cubic hexaboride structure.
The single-crystalline samples YbB 6 , SmB 6 , and LaB 6 were grown by a floating-zone method using an image furnace with four xenon lamps, after a borothermal reaction R 2 O 3 ϩ15B→2RB 6 ϩ3BO↑(RϭYb, La, and Sm) in vacuum by a radio frequency induction furnace. 30 The other single crystals of RB 6 (RϭPr, Ce, Gd, and Dy͒ were grown by a floating-zone method. 31 Raman scattering spectra were measured by the following multichannel detection systems. An Ar ion laser operated at 488.0 or 514.5 nm and a dye laser operated at 570-633 nm were employed as an excitation light with the output power of 10 mW. Two different Raman scattering systems were employed: so-called macro-and micro-Raman systems. The scattered light was analyzed by a triple monochromator ͑JASCO model U-1800͒, and the analyzed light was detected by a liquid N 2 cooled charge-coupled device ͑CCD͒ detector ͑Princeton Instruments Inc. model LN/CCD-1100-PB͒.
The Pm3m symmetry gives us the phonon numbers at Brilloiun-zone center; ⌫ϭA 1g ϩE g ϩT 1g ϩT 2g ϩ3T 1u ϩT 2u . The T 1u representation includes one acoustic phonon. The Raman-active phonons are A 1g , E g , and T 2g , which are the vibration of boron octahedra. Two T 1u modes are infrared active, and T 1g and T 2u are optically inactive. In this cubic symmetry, all Raman-active phonons appear in the (xϩy,x ϩy) polarization geometry. In the notation of (a,b), a and b denote the polarization directions of incident and scattered light, respectively. In this study, a and b correspond to the crystal axes of ͓100͔ and ͓010͔, respectively.
III. RESULTS
A. Overview of the Raman spectra of RB 6 Figure 1 shows the Raman spectra of RB 6 at room temperature. Each spectrum is depicted in the order of the decreasing lattice constants from top to bottom. Among them, RϭYb and Ca are divalent ions, Sm has the intermediate valence, and the others are trivalent. Three observed peaks at around 700, 1200, and 1300 cm Ϫ1 are the Raman-active phonons with the representations of T 2g , E g , and A g , respectively, and they completely satisfy the polarization selection rule in the cubic symmetry.
As shown in Fig. 1 , the following spectral difference between divalent cation crystals and the others is found. An extra mode below 200 cm Ϫ1 and a broad peak at ϳ1400 cm Ϫ1 , denoted by arrows and asterisks, are commonly observed with a relatively strong intensity for trivalent and intermediate-valent crystals. However, for the divalent case, it is difficult to recognize of the existence of the extra peaks in this vertical scale owing to their too weak intensity. In addition, the line shape of the T 2g phonon for the trivalent R case is asymmetric but symmetric for divalent, and the E g phonons is a broad single peak for the triva-
Raman spectra of RB 6 (RϭCa, La, Ce, Pr, Sm, Gd, Dy, and Yb͒ at room temperature and at the 488.0-nm excitation. The spectra are depicted in the order of the decreasing lattice constants from top to bottom. The dotted and solid arrows denote extra modes discussed in this paper. The peaks by dotted arrows appear in the spectra excited by ϳ602-nm energy. Triangles are CEF excitations. lent case but a doublet for divalent. The results clearly show that the phonon line shape strongly depends on the valence of R and also their electronic conductivity.
The lattice parameter dependence of the observed peak energy is shown in Fig. 2 , where interesting results of the extra modes and the broad peak at the highest energy region are also included. The similar dependence for T 2g , E g , A g , and one of the extra modes around 200 cm Ϫ1 have been reported. 22, 25 Among them, the dependence of the Ramanactive phonons is normal, since their energies increase with decreasing the lattice parameter. However, all extra modes below 200 cm Ϫ1 have opposite correlation against the phonons. As shown in Fig. 2 , the low-energy three lines suggest that the number of the extra modes is essentially 3. As shown in Fig. 1 , three peak spectra of the extra modes become clear for the sample with the smaller lattice parameter, such as Dy and Gd cases, while the clear mode is one for La. In the divalent case at the 488.0-nm excitation, no extra mode is observed in spite of the middle lattice parameter between the La and Ce samples. This valence dependence concludes that the low-energy extra modes and the peaks at ϳ1400 cm Ϫ1 clearly appear for the metallic or semiconductive samples.
B. Excitation energy dependence
The excitation energy dependencies of the representative spectra of Ce, Gd, Sm, and Yb are shown in Fig. 3 . The intensity of each spectrum is normalized by that of A g . The intensity of E g and T 2g decreases with the decrease of the excitation energy, but that of the extra modes increases. In the CeB 6 spectra, the new peak appears at about 100 cm Ϫ1 at the 602.5-nm excitation, and the similar peak is obtained at 514.5-nm excitation for LaB 6 . These new peaks are marked by the dotted arrows in Fig. 1 and their energies are also plotted by the closed triangles in Fig. 2 . Although the extra modes have not been observed in YbB 6 at the 488.0-nm excitation as shown in Fig. 1 , the broad small peaks at around 160 cm Ϫ1 appear at 602.5 nm. This is also marked by the dotted arrows in Fig. 1 and by the open triangles in Fig.  2 . The energy at the lower energy excitation locates on the lines in Fig. 2 . Thus these peaks can be regarded as one of extra modes. In SmB 6 , similar results are obtained. However, there is no corresponding peaks for CaB 6 even at the red light excitation. Therefore the extra modes below 200 cm Ϫ1 appear for the samples with rare-earth ions. Raman scattering occurs due to the second-order perturbation process in electronic system, so the scattering intensity depends on the excitation energy in consequence of the energy denominator of the Raman matrix elements. This re- sult shows that the excitation process of the extra modes quite differs from that of the first-order phonons.
C. Polarization dependence
As mentioned above, the Raman-active phonons of RB 6 , A 1g , E g , and T 2g , completely satisfy the selection rules in the cubic symmetry, that is, A 1g phonon is observed in (i,i) spectra (iϭx,y,z), E g in (i,i) and (xϩy,xϪy) spectra, and T 2g in (x,y). However, the extra modes have a poor polarization dependence as shown in Fig. 4 , where the representative polarization dependencies measured at room temperature are shown. In the figures, (xϩy,xϩy) spectra are also depicted. As shown in Fig. 4 , all extra modes are observed in all polarization geometries for DyB 6 and SmB 6 spectra. Thus these modes are not originated from the first-order Raman scattering process. Furthermore these cannot be assigned as a defect-induced mode because of the systematic observation.
For YbB 6 , a similar resonance effect has been observed as the trivalent case. However, the polarization dependence is quite different from that of trivalent case, since the mode appears in only (i,i) spectra, that is, A 1g . In addition, the linewidth is much broader than that for the trivalent case.
D. Temperature dependence of the low-energy extra modes
The representative temperature dependence of Raman spectra of Dy, Sm, and Yb are depicted in In SmB 6 , a unique spectral feature is observed in the temperature dependence. As shown in Fig. 5͑b͒ , the low-energy continuum below 300 cm Ϫ1 is rapidly suppressed below 50 K. This is caused by the gap formation. For details we refer to the report by Nyhus et al. 27 In the case of YbB 6 as shown in Fig. 5͑c͒ , the peak intensity is almost constant and does not vanish at low temperature. Therefore the extra modes in YbB 6 are quite different from the trivalent and intermediate-valent crystals.
We summarize here the results of the extra modes below 200 cm Ϫ1 for R 3ϩ B 6 and SmB 6 :
• the peaks are clearly observed in trivalent R 3ϩ B 6 and SmB 6 • with increasing the lattice parameter, the energy systematically increases • the peak width is broad compared with phonon's • poor polarization dependence • the intensity decreases to almost zero with decreasing temperature • the excitation energy dependence differs from the phonons • does not belong to the first-order Raman scattering process.
E. CEF excitation
The detailed CEF study has been performed by Zirngiebl and Pofahl for CeB 6 ͑Ref. 11͒ and NdB 6 ͑Ref. 17͒ by Raman scattering. The similar results are obtained in our work for CeB 6 . Here we present the CEF excitation spectra of PrB 6 , because there is no report of the CEF excitations of PrB 6 measured by Raman scattering. In neutron inelastic scattering, CEF of PrB 6 has been studied by Loewenhaupt and Prager. 32 They determined the CEF levels in the framework of the Lea-Leask-Wolf ͑LLW͒ scheme, 33 and obtained the LLW parameters of xϭϩ0.95 and Wϭ9.5 K.
The temperature dependence of (x,y) Raman spectra for PrB 6 is shown in Fig. 6 , where three peaks at around 210, 250, and 300 cm Ϫ1 are the CEF excitations. Their intensity of CEF excitation increases with decreasing temperature.
The multiplet ground state of Pr 3ϩ is split in a cubic crystal field into two triplets ⌫ 5 and ⌫ 4 , a nonmagnetic doublet ⌫ 3 , and a singlet ⌫ 1 . Taking into account the observed energies of the peaks, we have estimated the CEF levels of Pr ϩ3 in cubic field in the LLW scheme by the energy fitting. The inset in Fig. 6 denotes the determined CEF levels with the LLW parameters of xϭϩ0.94 and Wϭ9.2 K, and the corresponding transitions are marked by arrows. Since the irreducible representations for the transitions from ⌫ 5 to ⌫ 3 , ⌫ 4 , and ⌫ 1 include ⌫ 4 (T 2g ), the observed three peaks in the (x,y) spectra satisfy this polarization selection rule. We note that the obtained LLW parameters are consistent with those by neutron scattering. 32 However, we should note that the relative intensity of the excitations ⌫ 5 →⌫ 3 and ⌫ 5 →⌫ 4 cannot be explained by the LLW theory. This is the remaining problem and it might be related to the Raman scattering process.
IV. DISCUSSION
The first discussion is the origin of the extra modes below 200 cm Ϫ1 . RB 6 is regarded as one of the clathrate compounds with the cage constructed by borons. The crystal structure is stabilized by strong B-B interactions of intra and inter octahedral B 6 . On the other hand, the R ion weakly interacts with the surrounding 24 borons. Because of this weak interaction between R and octahedral B 6 , the observed CEF excitation is explained by a point-charge model. In this structure, the characteristic atomic distances are inter B 6 -B 6 , intra B 6 , and cation-boron distance. Each bond length is plotted as a function of lattice parameter in Fig. 7, using is well understood by this change as shown in Fig. 2 . However, the aϪ2r R decreases with increasing lattice parameter, where a and r R are the lattice parameter and ionic radius of R, respectively.
36 aϪ2r R can be regarded as the movable space of the R ion in the ''cage space.'' The relationship between the energy of the extra modes and the cage space aϪ2r R is plotted in Fig. 8 . The dependence suggests that the extra modes relate to the movement of R ions in harmonic potential, which becomes shallow for the crystals with the shorter lattice parameter. This is the origin of the anomalous lattice parameter dependence of the extra modes below 200 cm Ϫ1 . In the classical discussion about the Raman scattering process, the scattering intensity is proportional to square of the amplitude of atomic displacement. Therefore the amplitude of the R vibration increases with increasing cage space, because the larger cage space makes shallower effective potential at the position of R. Figure 9 shows the integrated peak intensity as a function of the square aϪ2r R . The integrated intensity is proportional to square of the effective cage space. This shows that the R ion has a large displacement for the crystals with the large cage space. Chernyshov et al. 37 determined the mean-square displacement ͑MSD͒ of the R ion for light rare-earth crystals with La, Ce, Pr, Nd, and Sm by x-ray diffraction. According to their result, the MSD of R is larger for the larger cage space of aϪ2r R . Therefore this discussion concludes that the origin of the extra modes is related to the movement of R in the B 6 cage.
In Ref. 37 , the temperature dependence of the meansquare displacement ͑MSD͒ of the Sm ion has been also reported. The MSD of the Sm ion decreases with decreasing temperature. Figure 10͑a͒ shows the intensity of the extra modes vs the MSD for SmB 6 . The proportionality in Fig.  10͑a͒ shows that the origin of the extra modes is related to the thermally activated movement of Sm. As mentioned in the previous section, the extra modes of SmB 6 ͑intermediate valence͒ has the same properties with that of the trivalent ones. Figures 10͑b͒ and ͑c͒ present the relationship between the peak intensity of GdB 6 and DyB 6 vs the MSD of Sm, assuming a similar temperature dependence of the MSD for GdB 6 and DyB 6 .
So far, we have mentioned that the extra modes are originated from the vibration of the R ion, judging from the results of the rare-earth and temperature dependencies. Before the present work, one of the extra modes was assigned as the optical T 1u mode at the Brilloiun-zone center. From the fac- tor group analysis, there are two optical T 1u modes except for the acoustic mode. In our previous infrared absorption measurement, 38 another T 1u mode is observed at around 900 cm Ϫ1 for CeB 6 and YbB 6 . If the extra modes have the symmetry of T 1u , the mode at around 900 cm Ϫ1 should be observed in the Raman spectra. However, there are no peaks at the corresponding energy region.
Poor polarization dependence of the extra modes strongly suggests the possibility of the second-order Raman process. The selection rule of the second-order excitation for T 1u is derived from the direct product T 1u T 1u . This direct product is decomposed to A 1g , E g , T 1g , and T 2g . Among these, A 1g , E g , and T 2g are Raman active. Therefore the secondorder T 1u excitation should be detected in all polarization geometries and this polarization property agrees with the experimental results as shown Figs. 4͑a͒ and 4͑b͒. Furthermore, in order to check this process, we compare the energy of the extra modes with that of the observed 12, 15 and calculated 12, 16 phonon-dispersion curve. The branches of LA and TA have the wide flat region in the Brillouin zone along (00), (0), and (). Their energy at the zone boundary is 90-100 cm Ϫ1 for CeB 6 , 43-77 cm Ϫ1 for YbB 6 , and 95-107 cm Ϫ1 for LaB 6 . The flat dispersion gives rise to the large density of states, and twice their energies agree with the energy of the extra modes as shown in Fig. 11 , where the arrows denote twice the energy of LA and TA phonons at the Brillouin-zone boundary for CeB 6 , LaB 6 , and YbB 6 . Except for the lowest mode of La and Ce, this good agreement concludes that the extra modes originate from the second-order Raman scattering of acoustic branches at the Brillouin-zone boundary. To visualize the vibration, the atomic displacements for each irreducible representation are shown in Fig.  12 . The Raman active modes, A 1g , E g , and T 2g , are breathing and deformation vibrations of octahedral B 6 . Among three T 1u modes, the T 1u -1 mode corresponds to the acoustic phonon, which includes the R ion displacement.
From the above discussion, it is experimentally clarified that the extra modes below 200 cm Ϫ1 originate from the second-order Raman process for the thermally excited T 1u mode at the Brillouin-zone boundary. However, it remains why the anomalous intensity decrease at low temperature occurs only for the conductive crystals, since the intensity decrease has not been observed for the divalent crystals. Thus the conduction electron is important. This problem is an open question at this stage, but we can make the following comments qualitatively. T 1u is a polar vibration, which induces electric dipole moment due to displacements. Probably free electron at the zone boundary easily couples with this vibration, and this coupling would increase the electronic polarizability of the vibration. In fact, the intensity of the conductive samples is stronger than that of YbB 6 . Unfortunately, we do not know the precise electron density of states at the zone boundary at the corresponding low-energy region. If this speculation is correct, this is a different type of interaction between the R ions in the hexaboride crystals assisted by conduction electrons. Therefore we need the theoretical support to clarify this problem.
As other related topics with the anomalous low-energy extra modes, we can point out the temperature dependence of the intensity of the single excitation of the acoustic phonon at the Brillouon-zone boundary. Unfortunately, this is out of range of Raman scattering. The inelastic neutron scattering is necessary to clarify this.
Once we reported that the extra modes relate to a ''rattling mode'' of the R ion. 28 The rattling mode of the R ions is understood as the independent vibration in each cage without the R-R interactions, that is, Einstein oscillation. The existence of the Einstein mode was reported by Mandrus.
14 The thermally activated vibration of R in the B cage is decomposed to the incoherent and coherent motion. The former corresponds to the rattling mode and the latter to the acoustic branch. The present detailed study shows that the extra modes cannot be regarded as the independent mode, but the coherent mode with long-range interaction between R ions. The importance of the nearest-and the next-nearest-neighbor interactions between the R ions has been already predicted by the calculation of phonon-dispersion curves of RB 6 . 16 Next we discuss the T 2g mode. As shown in Fig. 2 , all peak energies of A 1g and E g lie on the single line shown by the dotted line. However, for T 2g , the energy difference is ϳ100 cm Ϫ1 between the trivalent and divalent crystals. The essential difference between them is the existence of the conduction electron. Thus for the trivalent case, the electronphonon interaction can be expected. In fact, the line shape of the divalent crystal is symmetric, but asymmetric for the trivalent one. In SmB 6 with the lower concentration of conduction electron than that of the trivalent one, the line-shape asymmetry is weak. This qualitative discussion suggests to us the existence of the interference effect between the sharp phonon and a broad electronic response. However, for the quantitative discussion of the interference effect, the present results are not enough, such as the precise measurement of background intensity and detailed laser wavelength dependence. Here we only point out the possibility of the interference model. If there is the electron-phonon coupling, the energy of the coupled phonon might be suppressed by this interaction like the E 2g mode in MgB 2 . 39 Here, we regard the energy of the divalent crystals as the uncoupled phonon energy, because their carrier density is very low. To discuss further using the present results, the lattice dynamical calculations based on the first principle is necessary, in order to determine the electron-phonon interaction coefficient directly from the energy change for T 2g .
We note here about the broad peak observed at around 1400 cm Ϫ1 for the trivalent crystals. Its symmetry is A 1g and E g . This peak cannot be assigned as the phonons due to the first-order Raman process, since there is no phonon in the corresponding energy region, according to the phonondispersion calculation. 16 We can point out several possible mechanisms like electronic excitation, satellite peak of the first-order phonon, and second-order process. Among them, the second-order process is the most plausible for the following reasons. The Raman spectra in the energy region between ϳ1300 and 1700 cm Ϫ1 is shown in Fig. 13 . We discuss the divalent case. For the divalent crystal, the vertical scale of the figure is enlarged by 20 times and its relative intensity to that of T 2g is almost 1% in the (xϩy,x ϩy) geometry. The arrows denote twice of the energy of T 2g and dashed line that of T 2u . Twice energies of the other branches are out of the energy region shown in Fig. 13 . The energy coincidence is very good for the divalent ones. According to the phonon-dispersion curve of LaB 6 and YbB 6 , 16 T 2g and T 2u have the flat dispersion from the ⌫ to X point in the Brillouin zone, which increases the density of states of the phonon. Then, the relative intensity and the good energy coincidence strongly suggest that the peak at 1400 cm Ϫ1 is explained by the second-order process for the divalent case.
For trivalent case, twice the energy of T 2g is slightly lower than the peak energy, however, the peak energy systematically follows twice the energy of T 2g . In LaB 6 , the peak energy is far from twice the energy of T 2u and that of T 2g is very close to the peak energy. For SmB 6 the energy coincidence is very good. As another experimental fact of the relationship between the broad peak and T 2g , we point out the laser wavelength dependence as shown in Fig. 3 , where the intensity of both spectra simultaneously decreases with increasing wavelength. Thus it can be concluded that the peak observed in the trivalent case originates from the second-order process of T 2g . We emphasize that the intensity of the peak is the same order of that of T 2g for the trivalent crystals. There is the problem of why this secondorder peak has the strong intensity. To clarify this phenomena, the electron-phonon coupling of T 2g is important as described above. The depicted twice energy of T 2g for the trivalent crystals is the coupled energy, not the uncoupled energy, of which twice energy becomes 1600 cm Ϫ1 . Furthermore, the relative intensity to that of T 2g for SmB 6 is slightly weaker than that of the trivalent crystals, as shown in Fig. 1 . Thus the observed peak energy corresponds to twice the coupled energy. At this stage, we cannot proceed the discussion further, since the density of states of the conduction electron is unclear, however, we believe that the present experimental results are important to clarify the electronphonon interaction in RB 6 crystals. We note that the polarization dependence described above does not violate that for the second order of T 2g .
As the conclusion, we summarize the obtained main results. Two interesting modes at ϳ200 and 1400 cm Ϫ1 are clearly observed for the trivalent crystals. The extra modes at around 200 cm Ϫ1 are assigned as the second-order excitations of the acoustic branch and their anomalous properties are related to the R ion movement in the cage constructed by B 6 . On the other hand, the broad peak at around 1400 cm Ϫ1 is assigned as the second-order excitation of the T 2g phonon. For the T 2g phonon, the energy difference and its line-shape change between the trivant and divalent crystals suggest the existence of electron-phonon interaction. We have observed the CEF excitation in PrB 6 and obtained the LLW parameters with xϭ0.94 and Wϭ9.2 K. However, the following problems remain for future work. The first is the intensity decrease at low temperature of the extra modes. The microscopic reason for why this decrease occurs for R 3ϩ B 6 and SmB 6 is not clear. The second is the precise determination of the electron-phonon coupling in RB 6 . The last is the relative intensity of CEF in PrB 6 . To clarify these problems, theoretical support is necessary. FIG. 13 . Raman spectra of RB 6 in the energy region 1300-1700 cm Ϫ1 .
